Different LB films of poly(octadecene-co-maleic anhydride), PMAO, poly(styrene-co-maleic anhydride) partial 2 butoxy ethyl ester cumene terminated, PS-MA-BEE, and Gemini surfactant ethyl-bis(dimethyl octadecylammonium bromide), 18-2-18, have been used to study the effect of the substrate coating on the surface self-assembly of CdSe quantum dots (QDs). Results show that all the "coating molecules" avoid the 3D aggregation of QDs observed when these nanoparticles are directly deposited on mica. Different morphologies were observed depending on the molecules used as coatings, and this was related to the surface properties, such as wetting ability, and the morphology of the coating LB films.
Introduction
Nanoparticles have received great interest due to their unique optical, mechanical, and electric properties. For several technological applications it is necessary to support them on a substrate [1] . In these situations, the organization of nanoparticles into ordered arrays can lead to new interesting properties, which are strongly affected by the morphology of the nanoparticle film [2] [3] [4] [5] [6] . Nanoparticles tend to agglomerate by attractive interactions [7, 8] decreasing the quality of the devices. Therefore, the most recent efforts involve the use of polymer or surfactant molecules to minimize nanoparticles 3D aggregation. Despite the great interest generated in recent years on this topic, more work must be carried out to develop multifunctional materials with novel electric, magnetic, or optical properties [9] .
Several lithographic techniques have been employed to generate well-ordered nanostructures [10] [11] [12] ; however, these methods are often limited because they require specialized equipment. Layer by layer deposition (LbL) is an alternative approach to self-assembly polymeric nanocomposites [13, 14] . In the LbL methodology the multilayer is achieved by consecutive adsorption of polyelectrolytes and nanoparticles by electrostatic interactions. Consequently, this approach can be only used for charged polymers and nanoparticles, which exclude a wide number of functional materials. Langmuir-Blodgett (LB) methodology, based on the transfer process of Langmuir films from the air-water interface onto solids, has proved to be a versatile and interesting tool to obtain water-insoluble thin films. This deposition technique allows the continuous variation of particle density, spacing, and arrangement by compressing or expanding the film using barriers. Consequently, it offers the possibility of preparing reproducible films of polymers, surfactants, and nanoparticles with the control of interparticle distance necessary to exploit the nanocomposites in technological applications [15, 16] .
One of the issues of LB methodology lies on the dewetting effects observed when nanoparticles are deposited onto solids [17, 18] . These dewetting processes induce nanoparticles aggregates that in several circumstances ruin the physical properties of the nanoparticles [19] . To avoid the dewetting process, a widely used strategy consists in modifying the surface properties of solids by covering the substrates with self-assembly monolayers [20] [21] [22] [23] [24] . This strategy facilitates the incorporation of nanoparticles onto solids by improving the nanoparticle wettability and has been used to deposit CdSe QDs onto silanes [22] [23] [24] and gold nanoparticles onto acrylic block copolymers derivatives [21] . Despite the great interest expressed for this technique, several efforts must be 2 Journal of Nanomaterials made to know the role of coatings on the nanoparticle selfassembly at the interface in order to improve the properties of the nanoparticle films. With this objective in mind, we carried out a systematic study of the effect of the coating molecules on the QDs self-assembly process of CdSe QDs. We have selected three amphiphilic molecules of distinct nature, the copolymers, PMAO and PS-MA-BEE, and the Gemini surfactant 18-2-18. All these molecules present surface activity; therefore, we expect that they anchor to the substrate mica, through their hydrophilic moieties favoring the QDs adhesion across its hydrophobic part. In addition, we chose the polymer PMAO because it is well established that PMAO interacts effectively with hydrophobic nanoparticles leading to excellent stability by avoiding 3D aggregation [25] [26] [27] [28] . On the other hand, PMAO-capped nanoparticles have been successfully incorporated onto solid substrates by the LB technique [29] , and PMAO thin films were employed to make QDs compatible with biosensing applications [30] . Moreover, styrene copolymers, such as PS-MA-BEE, were proposed as good candidates to organize hybrid materials at nanometer scale [31] [32] [33] to fabricate submicrometric electronic devices because they present mechanical rigidity and good adhesion on solids [34, 35] .
On the other hand, surfactants are often used to control nanomaterials self-assembly [36] [37] [38] . In particular, Gemini surfactants made of two surfactant monomers linked by a spacer chain display high adsorption on solid surfaces and biological compatibility [39, 40] . Therefore, LB films of Gemini surfactants such as 18-4-18 and 18-12-18 have been used as substrate coating to improve the adsorption of collagen on solids [20] , and some researchers have proposed combining this with DNA for biotechnological applications [41, 42] . Accordingly, we expect that the LB films of the Gemini surfactant 18-2-18 result in good substrate coating for QDs deposition.
The methodology employed in this work consists in transferring nanoparticles of QDs from the air-water interface onto mica previously coated by LB films of PMAO, PS-MA-BEE, or the Gemini surfactant 18-2-18. Since several polymer/surfactant mixtures provide synergistic effects on the surface adsorption [43] [44] [45] [46] , we also studied the ability of mixed PMAO/18-2-18 LB films to modulate the self-assembly of QDs films. The LB film morphology was analyzed by different imaging microcopy techniques, atomic force microscopy (AFM), scanning electron microscopy (SEM), and transmission electron microscopy (TEM).
Materials and Methods
2.1. Materials. The polymers poly(maleic anhydride-alt-1octadecene), PMAO (Mr = 40 kDa) and poly(styrene-comaleic anhydride) partial 2 butoxy ethyl ester cumene terminated, PS-MA-BEE, were purchased from Sigma-Aldrich. PS-MA-BEE with an ester : acid ratio 1 : 1 and molecular weight Mr = 2.5 kDa were provided by the manufacturer. The Gemini surfactant ethyl-bis(dimethyl octadecylammonium bromide), 18-2-18, was synthesized using the method described by Zana et al. [47] with some significant modifications in the crystallization step introduced by our group [48] to guarantee the degree of purity (>99.9%) necessary for the correct interpretation of surface experiments.
The synthesis of CdSe QDs capped with trioctylphosphine oxide (TOPO) was carried out by the method proposed by Yu and Peng [49] , described in more detail in [19] . The QDs size (3.55 ± 0.05 nm) was determined by the position of the maximum of the visible spectrum of the QDs dispersed in chloroform [50] . We calculated the concentration of nanocrystals from the UV-Vis absorption spectrum of QDs dissolved in chloroform by using the extinction coefficient per mole of nanocrystals at the first excitonic absorption peak [50] . UV-Vis absorption spectra of QDs solutions were recorded on a Shimadzu UV-2401PC spectrometer.
Chloroform (PAI, filtered) used to prepare the spreading solutions was purchased from Sigma-Aldrich. Millipore ultrapure water prepared using a combination of RiOs and Milli-Q systems was used as subphase. The LB substrate muscovite (mica) quality V-1 was supplied by EMS (USA) and was freshly cleaved before use.
Preparation of Langmuir Monolayers and Langmuir-Blodgett Films.
The surface pressure measurements were performed on a computer-controlled Teflon Langmuir film balance Standard KSV2000-2 (KSV, Finland). Spreading solution was deposited onto water subphase with a Hamilton microsyringe. The syringe precision is 1 L. The surface pressure was measured with a Pt-Wilhelmy plate connected to an electrobalance. The subphase temperature was maintained at (20.0 ± 0.1) ∘ C by flowing thermostated water through jackets at the bottom of the trough. The temperature near the surface was measured with a calibrated sensor from KSV. The water temperature was controlled by means of a Lauda Ecoline RE-106 thermostat/cryostat. Langmuir monolayers were transferred by symmetric barrier compression (5 mm min −1 ) by the vertical dipping method at a rate of 5 mm min −1 , forming Y-type LB films. The methodology employed for the bilayer preparation is as follows. First, the polymer or surfactant film is LB deposited. After deposition, the film is dried under vacuum, and then, the QD layer is transferred onto the surfactant or polymer LB film by the LB methodology. To differentiate between the components and deposition order of the different LB films, we will employ the notation // to separate the components of the two layers in contact, and the components order is from solid substrate to air.
Scanning Electron Microscopy (SEM). A FEI Helios 450
dual-beam FIB/SEM was used to obtain images of the LB films with a supply to the electron beam between 5 and 10 kV.
Atomic Force Microscopy (AFM)
. AFM images of the LB films deposited on mica were obtained in constant repulsive force mode by AFM (Nanotec Dulcinea, Spain) with a rectangular microfabricated silicon nitride cantilever (Olympus OMCL-RC800PSA) with a height of 100 m, a Si pyramidal tip (radius < 20 nm), and a spring constant of 0.73 N m −1 . The scanning frequencies were usually in the range between 0.5 and 2.0 Hz per line. The measurements were carried out under ambient laboratory conditions. (TEM) . TEM images of the LB films deposited on Formvar-carbon-coated copper grids were taken with 80 kV TEM (ZEISS EM 902, Germany). The LB deposition onto copper grids was realized at a speed up to 1 mm min −1 .
Transmission Electron Microscopy

Results
To evaluate the effect of the polymer hydrophobic block on the morphology of QDs films, we used two maleic anhydride polymer derivatives containing hydrocarbon chains (PMAO) or styrene moieties (PS-MA-BEE) as hydrophobic blocks.
To optimize the QDs deposition, it is necessary to characterize the polymer Langmuir monolayers precursors of the coating LB films. In previous work, we have studied the surface properties of these polymers monolayers [45, 53] . Our results showed that the PS-MA-BEE isotherm is characteristic of block copolymers with a plateau at ∼30 mN m −1 attributed to the onset of polymer phase transition towards brush conformation, while the PMAO isotherm is typical of an amphiphilic material in which the collapse is reached at the surface pressure value of 40 mN m −1 [45] . The equilibrium elasticity values, calculated from the isotherms and 0 = Γ( / Γ) , allowed us to obtain information of the surface states, and significant differences were observed between the polymer films. Thus, the PMAO monolayer is more elastic than PS-MA-BEE and reaches the maximum 0 value of 167 mN m −1 at a surface pressure of 30 mN m −1 [45] , while the maximum elasticity value found for monolayers of PS-MA-BEE was 60 mN m −1 at = 14 mN m −1 [54] .
To prepare the QDs films using this methodology, the first step is to obtain dense LB films of polymers by transferring the densest Langmuir monolayers of monomers avoiding polymer aggregation. According to this procedure, we transferred Langmuir monolayers at the maximum elasticity value because beyond this value the monolayer collapses, resulting in 3D polymer aggregates at the interface. These 3D aggregates are metastable and lead to nonreproducible results, which are not desirable. Therefore, the LB films were prepared by transferring Langmuir monolayers of PS-MA-BEE at 14 mN m −1 and of PMAO at 30 mN m −1 , respectively. The AFM images of these polymer films were obtained in previous work and showed that the PS-MA-BEE film presents wide stripes along the film [53] with height profile values ranging from 8 to 10 nm, while the PMAO LB film presents some small holes produced by dewetting processes [45] . The next step was to deposit QDs onto LB films of these polymers. The surface pressure value of the QD monolayer transferred on the substrate coating was 9 mN m −1 .
To evaluate the film morphology at different scales, we used AFM, TEM, and SEM. Representative images of different films are collected in Figure 1 . From these images one can see different morphologies depending on the polymer used as coating. Figures 1(a) and 1(b) show the AFM images of QDs deposited onto PS-MA-BEE and PMAO, respectively. Significant differences can be seen. Thus, the QDs films prepared on PS-MA-BEE are constituted by island-like aggregates of different sizes (Figure 1(a) ). The TEM image of this film (Figure 1(c) ), allows analysis of the island architecture, demonstrating high polydispersity degree in the island size. Conversely, the QDs film deposited onto PMAO LB film (Figure 1(b) ) presents higher coverage than that deposited onto PS-MA-BEE (Figure 1(a) ). TEM image of PMAO//QD film (Figure 1(d) ) presents a magnification of this film and shows isolated nanoparticles deposited along the film. Some regions without nanoparticles are observed in both AFM and TEM images. These regions can be compatible with zones less densely covered observed on the PMAO films used as substrate coating [45] . This fact seems to indicate that the QDs are preferentially adsorbed on PMAO.
The height profiles obtained from the AFM images were also determined, as shown in Figures 1(a) and 1(b) , and results demonstrated that the QD film height is independent of the polymer used as coating. The average value calculated from several images, (3 ± 1) nm, is compatible with the diameter of CdSe nanoparticles. Therefore, results demonstrate that deposition onto LB films of PS-MA-BEE and PMAO avoids the QDs 3D aggregation. These 3D structures were clearly observed when the QDs films are deposited on mica without previous treatment of the substrate [45] .
Our results demonstrate that the polymer PMAO favors the QDs deposition compared with the polymer PS-MA-BEE. To interpret this behavior, it is necessary to consider that the polymer PMAO and the QDs ligand (TOPO) present hydrocarbon chains as hydrophobic groups, while the hydrocarbon moiety of the polymer PS-MA-BEE contains styrene groups. Accordingly, the poly-styrene groups likely present a more unfavorable interaction with the hydrocarbon chains of TOPO than the hydrocarbon chains of PMAO, and the QD-QD interaction prevails, resulting in island-like aggregates.
We explore the ability of the surfactant 18-2-18 to adsorb nanoparticles of QDs. This surfactant molecule contains the same hydrocarbon chain as the polymer PMAO and renders an almost continuous LB film of close-packed surfactant molecules [48] ; therefore, it could improve the adsorption of QDs resulting in a more continuous and homogeneous QDs film than PMAO.
The LB surfactant film was built by transferring dense Langmuir monolayers before the collapse, 30 mN m −1 . The height profile of the surfactant LB film, (Figures 2(a) and 2(b)), determined by AFM was 2.2 nm. This value agrees with the length of the fully extended hydrocarbon chain of 18 methylene groups (2.4 nm) [55] . This fact indicates that the surfactant molecules are nearly vertical to the air-solid interface and expose its hydrophobic moiety to the QDs ligand deposited onto the LB surfactant film. We transferred the QDs Langmuir monolayer at the surface pressure value of 9 mN m −1 onto the Gemini surfactant LB film. (Figure 2(c) ), shows large domains of QDs while the TEM image allows us to analyze the structure inside domains, as shown in Figure 2(d) . In the AFM measurements, the height profile obtained for the QDs domains was 3-4 nm. This value is compatible with the diameter of the nanoparticles, indicating that the surfactant LB film also avoids the 3D aggregation of nanoparticles. From the TEM image in Figure 2(d) , it can be seen that the QDs domains are constituted by close-packed nanoparticles. To evaluate the distance between QDs inside domains we have calculated the radial distribution function (RDF), ( ), by using the ImageJ 1.46 software [56] , as shown in Figure 2 (e). The RDF is determined from the distribution of interparticle center distances ( ) in several TEM images where the QDs are densely packed. This function provides information about the short-range order inside the QDs domains. The RDF in Figure 2 (e) represents the normalized function referred to the maximum value showing a distribution centered at = 5.1 ± 0.1 nm. From this value, the interparticle distance ( ) was calculated, and the value found was 1.7 nm. This distance is slightly higher than two times the length of the TOPO coating molecules (0.7 nm) [57] and is consistent with a close-packed QDs arrangement.
Summarizing, our results demonstrate that the most packed QDs domains are obtained for films built by transferring QDs Langmuir monolayers from the air-water interface onto the Gemini surfactant 18-2-18 LB film. Moreover, results show the importance of both the attractive interactions between the QDs ligand (TOPO) and the molecules used to modify the properties of the solid support and the morphology of the coating film.
In an attempt to interpret this behavior, we analyzed the ability of QDs to wet the different molecules employed as substrate coating by means of the spreading parameter. The spreading parameter has been used previously in LB Journal of Nanomaterials films to evaluate their stability [58] and to interpret the nanostructures formed by nanoparticles deposited onto different substrates [59] . Therefore, we analyzed the spreading parameter indicative of the balance between QDs and the coating layer (adhesive forces) and QD-QD (cohesive forces) intermolecular forces.
The spreading parameter, , is calculated by [18, 58] = layer 1/air − ( QDs/layer 1 + QDs/air ) ,
where layer 1/air , QDs/layer 1 , and QDs/air , represent the surface tensions at the layer 1-air, QDs-layer 1, and QDs-air interfaces, 6
Journal of Nanomaterials respectively. The layer 1 notation refers to the substrate coating layer formed by polymers or surfactant molecules. The QDs/air surface tension value QDs/air used in these calculations was taken from the literature as 33 mN m −1 [60] . The polymer/air for both polymers was approximated to the surface tensions of the hydrophobic moiety exposed to the air [31] , linear polyethylene (PE) for the polymer PMAO [51] , and polystyrene (PS) for PS-MA-BEE [52] , respectively. Since the interface between PS-MA-BEE and QDs is constituted by styrene groups of the polymer PS-MA-BEE and hydrocarbon chains corresponding to the QDs ligand (TOPO), the PSMABEE/QDs value was taken as the interfacial tension between polystyrene and polyethylene molecules PS/PE = 8.3 mN m −1 [31, 52] . In the case of PMAO//QDs film, the contact between the polymer film and the QDs ligand is through the hyrocarbon chains, therefore the interfacial tension was considered as zero. 
To calculate the Gemini/air value, we take the contact angle as 80 ∘ from the literature [20] , and we consider Gemini/QDs as zero because the contact between the Gemini film and the QDs ligand (TOPO) is through hydrocarbon chains. In Table 1 the surface tension and spreading coefficient values calculated for the different systems. It is interesting to notice that the spreading parameter is negative for the PS-MA-BEE//QDs system. This fact means that QDs do not spread well on the PS-MA-BEE film, and the nanoparticles aggregate in islands, as shown in Figures 1(a) and 1(c) . Conversely, the parameter corresponding to the Gemini//QDs system is the most positive one. This indicates that the QDs wet the surfactant film well, favoring the adsorption of nanoparticles on the surfactant film. As a consequence, the surfactant film induces a high QDs coverage. Since the surfactant forms an almost continuous and homogeneous film, the QDs are homogeneously distributed along it, as shown in Figure 2(d) . An intermediate situation was observed for PMAO//QDs films. In this case the value is positive, indicating that the QDs wetting is good, but smaller than that is calculated for the surfactant, as shown in Table 1 . In addition, the PMAO film used as substrate coating presents small holes. These two facts render a less efficient QDs adsorption on this film than onto the Gemini one.
In an attempt to improve the adsorption ability of the PMAO coating film, we explored mixtures of PMAO and Gemini surfactant. It is well established that polymer/surfactant mixed monolayers show synergistic effects in several film surface properties [62] , such as the surface concentration. Therefore, we expect that mixed LB films could improve the QDs adsorption. Since the synergistic effects are usually related to attractive interactions between components at the interface, prior to the LB deposition we carried out the thermodynamic study of these mixtures by recording the surface pressure isotherms of mixed monolayers with different composition.
In Figure 3 (a) some of these isotherms are represented. It is well established that the ideal behavior of a mixed monolayer can be related to the component miscibility, which is studied by means of the dependence of the excess area, exc , with the mixture composition. Therefore, we analyzed the variation of the excess area calculated from the isotherms and [63] : exc = 12 − ( 1 1 + 2 2 ). In this equation 12 represents the mean area per molecule in the mixed monolayer, and 1 , 2 are the areas per molecule of the pure components at the same surface pressure value. Finally, 1 and 2 represent the mole fraction of each component at the interface. The excess area can be zero when the two components are immiscible or when the components form an ideal mixture, while the deviation from zero is signature of interactions between the components [63] . In Figure 3 (b) the exc values are plotted against the Gemini mole fraction, Gemini . Negative deviations occur for all compositions and the most negative one appears around Gemini = 0.33. This behavior indicates the existence of attractive interactions between molecules at the interface resulting in highly packed and elastic monolayers, as shown in Figures 3(a) and 3(c), respectively. Accordingly, we transferred a mixed PMAO/Gemini Langmuir monolayer of composition Gemini = 0.33 from the air-water interface onto mica at the surface pressure value of 30 mN m −1 . We selected this surface pressure because it corresponds to a dense state in which the monolayers do not reach the collapse. For the sake of comparison, the QDs monolayer was transferred at the same surface pressure employed to build the other QDs films, 9 mN m −1 . The AFM image of the PMAO/Gemini ( Gemini = 0.33) LB film without QDs is presented in architecture of QDs films deposited onto the surfactant 18-2-18 and onto the PMAO/surfactant mixed films, we analyzed the RDF function obtained from the images of these films. For comparison, we represented the two radial distribution functions in Figure 2 (e). In Figure 4(d) , a representative TEM image corresponding to the areas selected for RDF analysis is presented. Results show that the first RDF peak for QDs deposited onto the PMAO/Gemini//QDs films is centered at 5.5 ± 0.1 nm, while the one corresponding to Gemini//QDs is centered at 5.1±0.1 nm. To gain insights into the arrangement of QDs in the two LB films, we evaluated the number of particles in the successive shells ( ; = 1, 2, . . .) from the integration of the RDF individual peaks. The first two shells contain ca. 5 and 10 particles for QDs deposited onto the Gemini LB film. This is compatible with an arrangement close to an ideal hexagonal array ( 1 = 6, 2 = 12). In contrast,
to QDs films adsorbed on the PMAO/Gemini LB film, the number of particles in the first and second shell is 5 and 7, respectively. This fact indicates that the hexagonal array of QDs adsorbed on the Gemini LB film is slightly distorted by the addition of PMAO at the Gemini surfactant coating film.
Conclusions
The results obtained in this work demonstrate that the morphology of the QDs films depends on the interfacial interactions between nanoparticles and the molecules employed to coat the solid substrate. The different morphologies were related to both the film wettability and the morphology of polymer and surfactant films used as substrate coatings. Thus the surfactant film showed the best wettability, and since it is constituted by close-packed surfactant molecules, this renders an almost continuous film of QDs. Conversely, when nanoparticles do not wet properly the film, the QDs aggregate in islands. This situation was observed for QDs deposited onto PS-MA-BEE films. An intermediate situation is observed for PMAO//QDs films. In this case, although the QDs wet the PMAO film well, the deposition is less efficient than on the surfactant. This fact is probably caused by the absence of covered polymer areas observed for PMAO films [45] . Finally, our results demonstrate that it is possible to modulate the QDs assembly on solids by modifying the nature of the molecules selected to coat the solid substrate.
